apsule'': Holly oak phytomass was useful as a bio®lter of toxic trace metals.
Introduction
Heavy metals are released into the aqueous environment through a variety of sources such as metal smelters, euents from plastics, textiles, microelectronics, wood preservatives-producing industries, usage of fertilizers and pesticides (Ross, 1994; Prasad and Hagemeyer, 1999) . Natural waters also contain toxic metals depending upon the bed rock (Greger 1999) .
The cost of decontamination of toxic metals from industrial euents and wastewaters using ion exchange resins is exorbitant. Hence, that the usage of indigenous biodegradable resources for treating hazardous waste would be less expensive is relevant to regional emerging environmental biotechnology. The concentration limits for classi®cation of hazardous waste-containing metals vary for dierent metals (Table 1) . To clean up metals in contaminated waters, a wide variety of biomass, including bacteria, fungi (free and immobilized), algae, and higher plants (agricultural and forestry wastes), have been tested as adsorbents (Table 2) .
Quercus ilex L. (holly oak) is an evergreen tree which plays an important role in western Mediterranean ecosystems. It is the only tree growing in the serpentine area of about 8000 ha in northeast Portugal. The serpentine soils are very poor in essential nutrients and high in toxic metals such as chromium (Cr), cobalt (Co), nickel (Ni) (Sequeira and Pinto da Silva, 1991) . In the urban area of Naples in Italy, Q. ilex has been used for trace metal biomonitoring in the soil environment (Alfani et al., 1996) . Hence, Q. ilex phytomass (stem, leaf, root), which is widely available in southern Europe, was tested for its ability to adsorb selected metals, such as cadmium (Cd), Cr, copper (Cu), Ni, and lead (Pb) from aqueous solutions.
Materials and methods

Phytomass
Q. ilex leaf, stem and root samples (3-year-old plants) were collected from the experimental plots located in the botanical garden, Department of Botany, University of Coimbra (Jardim BotaÃ nico, Departamento de BotaÃ nica, Universidade de Coimbra, Coimbra, Portugal). Samples were oven dried at 55 C overnight. Dried material was ground to homogenous powder using mortar and pestle with the help of liquid nitrogen
Biosorption
The homogenously powdered phytomass 1 g (particle size smaller than 200 mm) was added to 100 ml containing 10 mg/l metal solution. The metal solutions (Cr, Ni, Cu, Cd, Pb) were prepared by dilution of 1000 mg/l atomic absorption standard solutions procured from Reagecon, Ireland. The samples were stirred in separate beakers at room temperature (222 C) for 1 h. Addition of phytomass to metal ion-containing solution resulted in dierent initial pH (pH i ) after 1 h. The pH was adjusted to facilitate adsorption with 0.1 N NaOH or 0.1 N H 2 SO 4 . During the experimentation of biosorption, the pH of the solutions was regularly monitored with a pH meter (Metrohm, 716 DMS Titrino, Switzerland). The experiment was continued for 3 days, and the ®nal pH (pH f ) was recorded.
Sedimentation
Solutions containing metal ions and phytomass were stirred at regular intervals and allowed to settle. No cationic¯occulants were used to facilitate sedimentation. The settled phytomass in metal ion-containing solutions could be observed by the naked eye. The clear supernatant was decanted into glass vials for analysis.
Desorption and recycling
After 3 days of biosorption, the clear supernatant was used for metal ion analysis and the phytomass was washed (Â3) with deionized water and oven dried overnight. The dried phytomass was resuspended in 100 ml of 10 mM Na 4 EDTA for 6 h. The ®ltrate was analysed for determining the metal desorbed. Deionized water was used to wash the residue. The phytomass after one cycle was oven dried overnight. The same procedure stated previously for biosorption was followed to test the phytomass potential for re-use
Metal analysis
After 3 days of biosorption, the residual concentration of the metal ions was estimated by an atomic absorption spectrophotometer (Perkin Elmer AAnalyst 100). The experiment was repeated twice and results averaged. All glassware used was soaked in 10% nitric acid overnight and rinsed (Â3) with deionized water before allowing to dry. The results of heavy metals adsorbed to stem, leaf, and root phytomass were quanti®ed by mass balance following VaÂ zquez et al. (1994):
where R is the percentage of metal adsorbed from initial concentration (i.e. 10 mg/l in all the experiments), x/m is the mass of metal adsorbed/mass of the phytomass (stem, leaf, root) (mg/g), m is the concentration of phytomass in the solution (g/l), C i is the initial concentration of metal at the start of the biosorption (mg/l) and C r is the residual concentration of the metal (mg/l) after 3 days of biosorption.
Results
Various samples of phytomass in contact with metalcontaining solution exhibited a wide range of pH values (Table 3 ) possibly due to the nature of the anions. To maximize the adsorption of the metals to phytomass, pH adjustment was performed. Initially, adsorption experiments conducted with Ni indicated that the pH and the duration of contact time of phytomass with aqueous solution were the important factors for the removal of metal having an initial concentration 10 mg/ l. A value of pH 6 gave optimum results over a period of 6 h (Fig. 1) . The highest adsorption values were obtained after 3 days. Further, prolongation of contact time to 6 days did not increase adsorption (Fig. 2 ). On the third day, the adsorption capacity of the dierent samples of phytomass was determined (Table 4) . The metal adsorption capacity of the root for dierent metals was found to be in the order: Ni>Cd>Pb> Cu>Cr; stem Ni>Pb>Cu>Cd>Cr; and leaf Ni> Cd>Cu>Pb>Cr. The highest amount adsorbed was Ni (root>leaf>stem). After determining the adsorption values, the solution was ®ltered and the phytomass Holan and Volesky (1995) was oven dried and suspended in 100 ml of 10 mM Na 4 EDTA for 6 h. The amount of metal desorbed by the phytomass is shown in Table 5 . The results indicate that the phytomass is re-usable. The de®cit in recovery could be partly due to the loss of the phytomass (via digestion) and variations in solution physico-chemistry.
Discussion
The principal metal-binding ligands reported in plant tissues encompass amino acids, oligo-and polypeptides (glutathione, phytochelatins, metallothioneins); macrocyclic agents (porphyrins, cobalamines, chlorophylls); polysaccharides and glycosides (rhamnogalacturonan); nucleobases, oligo-polynucleosides and nucleotides (DNA fragments) (obinski and Potin-Gautier, 1998). Several of these metal-binding bioligands were reported in the vascular tissues (xylem, phloem) of the plants. Most of the transitional and some main group metal ions form complexes with these bioligands (Prasad, 1998 (Prasad, , 1999 Pohlmeier, 1999) .
In an earlier investigation from this laboratory, Nabais et al. (1996) determined the Ni concentrations in the main stem of Q. ilex growing on serpentine and sandy loam soils. Nabais et al. (1997) quanti®ed the amino acids and carboxylic acids in the xylem sap of Q. ilex and discussed their role in Ni binding and transport. The concentration of Ni in the xylem was as high as 5282.4 ng/g dry wt. in Q. ilex growing on serpentine soils as compared to 704 ng/g dry wt. in plants growing on sandy loam soils. This con®rms that the phytomass of Q. ilex comprises Ni-binding and-transporting bioligands and would be of signi®cance in phytoremediation of metal-contaminated soils and water (Prasad and Freitas, 1999) . Nabais and Freitas (Department of Botany, University of Coimbra, Coimbra, unpublished data) also developed a functional model for Ni transport and complexation in Q. ilex trees based on ®eld and experimental data. Branches of Q. ilex growing on serpentine and sandy loam soils of northeast Portugal were collected every month for 1 year and the Ni concentrations in the xylem sap, leaves, xylem and phloem tissues were analyzed. Nabais and Freitas (Department of Botany, University of Coimbra, Coimbra, unpublished data) also performed another experiment using 1-year-old Q. ilex trees growing in soil arti®cially contaminated with 500, 1000, or 2000 mg/l of total Ni. This experiment substantiated that Ni is mostly sequestered in the roots where concentrations can be as high as 428.4 ng/g dry wt., in the 2000 mg/l treatment, compared to 7.6 ng/g Pb  78  65  69  65  27  35  Ni  70  73  79  47  54  40  Cd  63  55  67  28  40  35  Cu  85  78  77  17  12  5  Cr  82  85  90  2  6  8 dry wt., in the control. Xylem transport of Ni to the leaves was low. Leaves from the 2000 mg/l treatment showed an average concentration of Ni of 32.8 ng/g dry wt., compared to 11.2 ng/g dry wt. in the control, supporting Ni accumulation in leaves several times that in the control trees (Freitas, 1999) . Q. ilex phytomass is abundantly available in northeast Portugal. Dierent parts of the plant have dierent adsorption abilities due to localization of speci®c ligands which have an anity to bind a particular metal (Table 4) . For enhancing the ability of metal adsorption, chemical pretreatment might be helpful and would expose the metal-binding ligands in the chosen tissues (VaÂ zquez et al., 1994) . Physico-chemical parameters, such as temperature, pH of the contact solution and conditions of the reaction, e.g. continuous or batch mode, are reported to in¯uence the adsorption results (BalkoÈ se and BaltaciogAE lu, 1992; VaÂ zquez et al., 1994) . The distribution coecient of Ni, Cu, Zn, Cd, Hg and Pb was dependent on temperature when wool ®bers were used as adsorbent. At 50 C Cu, Zn and Pb had higher values, whereas for Ni, Cd, and mercury (Hg) the distribution coecient values were higher at 25 C (BalkoÈ se and BaltaciogAE lu, 1992). Hence, standardization of physico-chemical parameters and experimental conditions might be useful to optimize the ecacy of the chosen adsorbent.
Conclusions
This work, for the ®rst time, emphasizes the potential of the Q. ilex phytomass as an adsorbent of toxic metal ions from solution. The Q. ilex phytomass is abundantly available and, hence, methodology based on its usage as adsorbent would be inexpensive, unlike some fungal-, algal-and microbial biomass-based reactors which require expensive culture media, and costly biosafety precautions. Further, the biosorption potential of Q. ilex root phytomass for Ni is quite promising. Utilization of Q. ilex phytomass and its relevance to metal chelation has tremendous scope for developing and designing innovative clean-up technologies. Accordingly, supplementary experimentation is being planned with Q. ilex aiming at the removal and recovery of toxic metal ions not only in natural and industrial wastewaters but also in metal-contaminated soils.
